Introduction
============

Advances in diagnosis, catheter and surgical interventions, and intensive care have significantly improved the survival of children with congenital cardiac malformations. In the present era, 85% or more of children born with congenital heart diseases are expected to survive into adulthood.[@B1] The significantly improved survival has resulted in an increasing population of adolescent and adult patients with congenital heart disease who are confronted with unique cardiac and non-cardiac issues.[@B1][@B2] Of the long-term cardiac problems, ventricular dysfunction remains an important issue of concern. Despite corrective or palliative repair of congenital heart lesions, the right ventricle, which may be the subpulmonary or systemic ventricular chamber, and the functional single ventricle are particularly vulnerable to functional impairment.

Regular assessment of cardiac function constitutes an important aspect in the long-term follow up of patients with congenital heart disease. Given its non-invasiveness and widespread availability, echocardiography remains the most useful imaging modality for longitudinal monitoring of cardiac function. While conventional echocardiographic assessment of cardiac function has focused on quantification of changes in ventricular size and blood flow velocities during the cardiac cycles, advances in echocardiographic technologies have enabled direct evaluation of myocardial deformation. In the recent few years, novel myocardial deformation imaging has found increasing applications in functional assessment of congenital heart disease. In this review, the issues of ventricular dysfunction in congenital heart disease, conventional echocardiographic and novel myocardial deformation imaging techniques, and clinical applications of these techniques in the functional assessment of congenital heart disease are discussed.

Ventricular Dysfunction in Congenital Heart Disease
===================================================

Subpulmonary right ventricle
----------------------------

Transannular patch repair is commonly required during surgical repair of tetralogy of Fallot (TOF), as the pulmonary valve annulus is usually small. While initially thought to be a relatively benign condition, chronic pulmonary regurgitation with consequential volume overloading of the subpulmonary right ventricle is now recognized as one of the most important determinants of late outcome.[@B3], [@B4], [@B5] Development of right ventricular (RV) systolic and diastolic dysfunction in association with chronic severe pulmonary regurgitation is well documented.[@B6][@B7] Aneurysmal dilation and akinesia of the RV outflow contribute further to RV dilation and detrimentally affect RV ejection fraction.[@B8] Development of right bundle branch block and QRS prolongation after surgery may potentially lead to RV mechanical dyssynchrony.[@B9] All of these factors may act synergistically and contribute to progressive RV dysfunction late after TOF repair, with the clinical consequences of exercise intolerance, development of cardiac arrhythmias, and congestive heart failure.[@B10], [@B11], [@B12]

The phenomenon of restrictive RV physiology occurs both early and late after surgical repair of TOF, which is a manifestation of abnormal relaxation and probably reduced compliance of the subpulmonary right ventricle. During early postoperative period, restrictive RV physiology may account for low cardiac output syndrome.[@B13] On the other hand, persistence of restrictive RV physiology in the long-term has been associated with less progressive dilation of the right ventricle and better exercise capacity.[@B14] Restrictive RV physiology has also been described after biventricular repair of pulmonary atresia with intact ventricular septum (PAIVS) due probably to the relatively small RV cavity and intrinsic myocardial and endocardial abnormalities that reduce RV compliance.[@B15] Limited data also suggest that restrictive RV physiology also predicts better exercise capacity in these patients.[@B15]

Systemic right ventricle
------------------------

In congenitally corrected transposition of the great arteries (cc-TGA) and in patients with complete transposition of the great arteries (TGA) after atrial repair, the right ventricle acts as the systemic pumping chamber.

Systemic RV dysfunction occurs with increasing prevalence with advancing age in cc-TGA. It is estimated that about half of the patients may develop RV dysfunction and congestive heart failure by the fifth decade, even in the absence of significant associated cardiac lesions.[@B16] Occurrence of systemic RV dysfunction in cc-TGA is usually accompanied by progressive RV dilation and worsening of tricuspid regurgitation.[@B17] Notwithstanding the \'chicken and egg\' controversy, it appears that the intrinsic architectural design of the tricuspid valve and geometry of the right ventricle may render them more vulnerable to progressive failure.[@B18] Dilation of the systemic right ventricle may set up a vicious cycle by shifting the ventricular septum to the left side, pulling the tricuspid septal leaflet for from the other tricuspid leaflets, which aggravates preexisting tricuspid regurgitation. This hypothesis is supported by the observation of amelioration of tricuspid regurgitation with placement of a pulmonary arterial band,[@B19][@B20] which increases subpulmonary left ventricular (LV) pressure and restores, albeit partially, the septal geometry. Single-chamber ventricular pacing in patients with cc-TGA and complete heart block may further aggravate systemic RV failure possibly by inducing mechanical dyssynchrony.[@B21]

Substrates other than tricuspid valve design and RV geometry may predispose to development of systemic RV dysfunction in patients after the Senning or Mustard procedure. Myocardial perfusion defects and impaired flow reserve involving the systemic right ventricle have been found in survivors of the Mustard operation,[@B22][@B23] which may suggest inadequate coronary arterial supply to the hypertrophic RV myocardium to cope with the systemic arterial load. Studies using late gadolinium enhancement (LGE) and equilibrium contrast cardiac magnetic resonance (CMR) have shown areas of fibrosis,[@B24][@B25] the extent of which has been found to correlate with RV dilation and impairment of systolic function. Reduction of systemic RV ejection fraction and long-axis function has been demonstrated in patients with TGA after atrial repair and may suggest systolic dysfunction.[@B26], [@B27], [@B28] Nonetheless, whether this represents intrinsic RV failure or an adaptive response to increased systemic afterload is contentious. On the other hand, accumulating data suggest that impairment of atrioventricular coupling due to restrictive atrial baffling pathways may limit the augmentation of stroke volume during exercise and other forms of stress, and constitute a unique form of diastolic dysfunction of the systemic right ventricle.[@B29]

Right ventricular-left ventricular interaction
----------------------------------------------

The function of the right and left ventricles is closely linked given the enclosure of the two ventricles within the same pericardial cavity, sharing of ventricular septum, and coursing of superficial epicardial myocardial fibres through two ventricles. These anatomic substrates provide the basis of adverse ventricular-ventricular interaction in patients with congenital heart disease with abnormal RV geometry and function.

In repaired TOF patients, impaired LV function has been related to abnormal RV function and shown to be a significant independent risk factor for long-term adverse outcomes. Suboptimal RV-LV diastolic interaction secondary to RV dilation and septal shift with consequential reduction of LV compliance and diastolic filling has been described.[@B30][@B31] With interrogation of LV mechanics by deformation imaging techniques, abnormal systolic ventricular-ventricular interaction after TOF repair is also being increasingly recognized. Additionally, limited data suggest the presence of adverse systemic RVsubpulmonary LV interaction in patients after atrial repair. These unfavourable ventricular-ventricular interactions are discussed below.

Functional single ventricle
---------------------------

Ventricular dysfunction remains one of the most important longterm complications in patients with functionally univentricular hearts palliated by Fontan-type procedures.[@B32] Intrinsic abnormalities of myocardial architecture are found in functional single ventricles.[@B33][@B34] Pressure and volume loading of the systemic ventricle occurs as a result of the parallel supply of the systemic and pulmonary circulation prior to univentricular repair. The volume overload may be further aggravated by atrioventricular valvar insufficiency, which may be related to dysplasia of the common atrioventricular valve or annular dilation secondary to ventricular dilation. Conversion from parallel systemic and pulmonary circulation to the in-series Fontan circulation is associated with changes in ventricular geometry, acquired ventricular hypertrophy, and preload reduction. The consequences of incoordinate ventricular relaxation, diastolic ventricular dysfunction, and probably progressive reduction in ventricular compliance have been recognized.[@B35][@B36] Furthermore, increased systemic afterload with abnormal ventriculo-arterial interaction found in post Fontan patients may have further negative impact on diastolic function of the functional single ventricle.[@B37]

Conventional Echocardiographic Assessment of Cardiac Function
=============================================================

Conventional echocardiographic assessment of cardiac function in patients with congenital heart disease has focused on quantification of changes in ventricular dimensions and chamber volumes for assessment of systolic function, and Doppler-derived blood flow velocities across atrioventricular valves for evaluation of diastolic function.

Two-dimensional and M-mode assessments
--------------------------------------

M-mode has conventionally been used to derive LV shortening fraction for assessing global LV systolic function. Shortening fraction is affected by loading conditions, regional myocardial abnormalities, and alteration of LV geometry. Existence of paradoxical septal motion in RV volume- and pressure-loaded conditions invalidates the interpretation of this LV functional parameter. Furthermore, this geometric parameter is of little use in the assessment of RV and single ventricular systolic function.

Fractional area change of the right ventricle determined by two-dimensional (2D) planimetry has also been used as an index of RV systolic function in adults,[@B38] although this has not been validated in children. To assess RV longitudinal shortening as a measure of RV systolic function, placement of the M-mode curser through the tricuspid annulus in the four-chamber view enables the derivation of the so-called tricuspid annular plane systolic excursion (TAPSE). TAPSE has been used to evaluate subpulmonary and systemic RV systolic function, although conclusions on its usefulness are mixed.[@B39], [@B40], [@B41], [@B42] Normal reference values of TAPSE in children are available to facilitate the interpretation of patient data.[@B43]

Volumetric measurements
-----------------------

Cardiac magnetic resonance is regarded as the gold standard in the measurement of ventricular volumes and quantification of ejection fraction. Avoidance of the need for geometric assumption is of particular importance in the evaluation of right ventricles, functional single ventricles, and distorted left ventricles due to septal shift in patients with congenital heart disease.

Different 2D echocardiographic methods including the Simpson algorithms, area-length method, and bullet method have been used to estimate LV volumes.[@B44] Nonetheless, violation of geometric assumptions is not uncommon in patients with congenital heart disease, which limits their accuracy and usefulness in the clinical setting. Although different formulae have also been proposed to estimate RV volume by 2D echocardiography, there are little or no data regarding their utility and accuracy in children.[@B44]

The introduction of real-time three-dimensional (3D) echocardiography has shown great promise in evaluating ventricular volumes regardless of ventricular geometry ([Fig. 1](#F1){ref-type="fig"}). Its initial applications in children are encouraging. Importantly, LV and RV volumes and volumes of functional single ventricles obtained by real-time 3D echocardiography compare favorably with those obtained using CMR.[@B45][@B46] Hence, real-time 3D echocardiography has an important advantage in evaluating volume-based functional parameters in patients with congenital heart disease having ventricles of different geometries.

Doppler interrogation
---------------------

Pulsed-wave Doppler analysis of mitral early (E) and late (A) diastolic inflow velocities and E-deceleration time is commonly used to assess LV diastolic function. In children with fast heart rates, the utility of these indices may however by limited due to frequent fusion of the E and A waves. Isovolumic relaxation time, another parameter of LV diastolic function, can be measured by simultaneous continuous-wave Doppler interrogation of LV inflow and outflow.

Respiratory variations of tricuspid valve inflow velocities render their measurement difficult in children. Reduction of RV compliance in certain congenital heart lesions further confounds the interpretation of the tricuspid inflow velocities. A good surrogate pulsed-Doppler measure of impaired RV diastolic compliance is the antegrade diastolic flow in the pulmonary artery coincident with atrial systole ([Fig. 2](#F2){ref-type="fig"}).[@B13]

The spectral Doppler-derived myocardial performance index (MPI) can be used to assess combined systolic and diastolic function of the left and right ventricles.[@B47] It is calculated as the sum of isovolumic relaxation time and isovolumic contraction time divided by ejection time. The MPI has increasingly been utilized in the assessment of global RV function in patients with different types of congenital heart lesions.[@B44]

Tissue Doppler Imaging of Myocardial Motion
===========================================

Velocities of myocardial tissue motion can be determined using tissue Doppler imaging.[@B48] Nonetheless, tissue Doppler imaging allows only one-dimensional assessment of the tissue regional velocity vector along the beam of the ultrasound. Hence, commonly measured myocardial velocities are those at the base and mid-levels of the LV lateral wall, ventricular septum, and RV free wall determined from the four-chamber view. Increasingly, tissue Doppler evaluation of the mitral and tricuspid annular junction is utilized to assess respective LV and RV function in children with congenital heart diseases.

From the spectral or colour tissue Doppler tracings, the peak systolic and two diastolic peak velocities can be measured ([Fig. 3](#F3){ref-type="fig"}). The positive systolic peak represents annular motion towards the apex and reflects ventricular systolic function. The early negative diastolic annular velocity (e\') reflects ventricular recoil from the contracted state. The late negative diastolic peak represents annular motion during atrial contraction and is affected by ventricular diastolic and atrial systolic function.

An additional peak velocity is seen during isovolumic contraction. A relatively-load independent index, isovolumic acceleration during myocardial acceleration (IVA), can be calculated as the difference between peak and baseline myocardial velocities divided by the time interval from onset of the wave during isovolumic contraction at zero-crossing to the time at peak velocity.[@B49]

The E/e\' ratios on the respective sides may provide an estimation of LV and RV filling pressures,[@B50][@B51] although pediatric validation is lacking. The MPI can also be determined by measuring the time intervals on spectral tissue Doppler tracings, which correlates well with that derived from conventional Doppler interrogation.[@B52]

Novel Evaluation of Myocardial Function
=======================================

Conventional echocardiographic assessment of cardiac function based on evaluation of changes in cardiac dimensions and blood flow can perhaps be regarded only as an indirect assessment of cardiac function consequential upon shortening and lengthening of myocardium throughout the cardiac cycle. Techniques that allow direct interrogation of myocardial mechanics may be more sensitive in the detection of subtle preclinical functional impairment.

Myocardial deformation
----------------------

The heart undergoes complex systolic and diastolic deformation in three dimensions in relation to the architectural design of the myocardium. The different aspects of myocardial deformation can broadly be described in terms of linear deformation, torsional deformation, and synchronicity of deformation.

Linear deformation of the myocardium can be quantified by strain. Strain is defined as the percentage change in the length of myocardial segment relative to the reference length taken usually at end-diastole. Linear deformation of the left ventricle is usually described in terms of strain along its three principle geometrical coordinates: longitudinal, circumferential, and radial. As the RV myocardial fibres are arranged longitudinally, longitudinal strain is usually used to describe RV deformation.

The speed of myocardial deformation, on the other hand is quantified by strain rate. Peak systolic strain rate, compared with systolic strain, might better reflect the rate of myocardial force generation and hence cardiac contractility.[@B53][@B54] Diastolic strain rates have been used to assess ventricular diastolic function.[@B55]

The helical arrangement of myocardial fibres accounts for the torsional deformation of the left ventricle.[@B56] Anti-clockwise rotation of the left heart, as viewed from the cardiac apex, occurs during isovolumic contraction. During ventricular ejection, the apex continues its anti-clockwise rotation while the base rotates in the clockwise direction.[@B57] Untwisting with clockwise rotation of the apex occurs during relaxation to generate a suction force that draws blood into the LV from the left atrium.[@B58] Torsional deformation of the left ventricle contributes significantly to LV diastolic recoil and function.[@B59] Recent data further suggest the possibility of ventricular torsion as an aid to ejection.[@B60] But, the phenomenon of RV torsion is poorly understood.

Dyssynchrony of myocardial deformation refers to the incoordinate contraction of regional myocardial segments. This may be related to electrical conduction delay, abnormalities in excitation-contraction coupling, or abnormal myocardial tissue leading to regional delay in the onset of myocardial shortening.[@B61] Incoordinate contraction of the early- and late-activated segments leads to energy loss, delays the rise of intra-ventricular cavity pressure, and reduces cardiac output. In congenital heart diseases, pathological and electrical substrates for development of dyssynchrony may potentially be present. Although data in congenital heart disease literature on the aetiology and prevalence are lacking, there is increasing interest in the application of cardiac resynchronization therapy in the management of patients with congenital heart disease complicated by ventricular failure.[@B62][@B63]

Deformation imaging
-------------------

### Tissue Doppler imaging

Whereas spectral Doppler acquisition enables only direct measurement of peak velocities and time intervals as aforementioned, color Doppler data acquired at a frame rate of 100 frames per second or more can be used to derive regional myocardial deformation parameters.[@B64][@B65] Strain rate is numerically identical to the spatial gradient tissue velocity, while strain can be derived as the temporal integral of strain rate.

While a major strength of tissue Doppler strain imaging is its ability to quantify regional myocardial mechanics, this technique suffers from several major limitations. These include angle dependency, noisy signals with resultant poor quality strain and strain rate curves, and assessment of limited number of myocardial segments that are parallel to the direction of ultrasound beam. These limitations negate the global assessment of cardiac function.

### Two-dimensional speckle tracking echocardiography

Two-dimensional speckle tracking echocardiography is a relatively new and largely angle-independent technique for imaging myocardial deformation[@B66][@B67] and has increasingly been applied to assess cardiac function in patients with congenital heart disease. The principle of this technique is utilization of a template matching algorithm to track the motion of clusters of speckles in 2D grey scale images frame by frame. Speckles are natural acoustic markers generated from constructive and destructive interference of ultrasound backscattered from tissues. Acquisition of grey scale images at a frame rate of 40 to 80 per second provides spatial and temporal information for quantification of strain, strain rate, and ventricular twist and torsion.

Deformation imaging of both the left and right ventricles is feasible with 2D speckle tracking echocardiography ([Fig. 4](#F4){ref-type="fig"}). Hence, global and regional LV and RV longitudinal deformation can be determined from the apical four-chamber view, while LV circumferential and radial deformation can be determined from the mid parasternal short axis view, and torsional mechanics from the apical and basal short axis planes.[@B68][@B69][@B70][@B71]

Although 2D speckle tracking echocardiography has overcome some of the important limitations of tissue Doppler imaging, shortcomings inherent to its 2D nature are inevitable. Speckles that move out of the 2D plane cannot be tracked. Furthermore, separate basal and apical acquisitions for assessment for torsional mechanics.

### Three-dimensional speckle tracking echocardiography

The recently developed 3D speckle tracking echocardiography tracks the 3D motion of speckles within the acquired 3D dataset. This new deformational imaging modality enables the assessment of truly 3D global and regional strain ([Fig. 5](#F5){ref-type="fig"}).[@B72] An additional innovative feature is the ability to track the endocardial surface area change, so-called area strain, throughout the cardiac cycle.[@B73][@B74] This can be regarded as a composite parameter that integrates the regional consequence of deformation in the longitudinal, circumferential, and radial dimensions. Furthermore, this modality allows more efficient data acquisition and simultaneous analysis of all the LV segments. A limitation, however, is the relatively low volume frame rate at 20 to 30 volumes per second. Nonetheless, a recent study showed that a frame rate of 18 or 25 volumes per second does not appear to compromise the assessment of myocardial deformation.[@B75] Indeed, this new technology has found increasing applications in a variety of clinical scenarios for assessment of global LV performance, quantification of regional function, and evaluation of cardiac resynchronization. Recently, 3D speckle tracking echocardiography has been utilized to evaluate RV mechanics in adults with pulmonary hypertension.[@B76]

Assessment of ventricular dyssynchrony
--------------------------------------

Several echocardiographic approaches may be used to assess ventricular mechanical dyssynchrony.[@B62][@B63][@B69][@B77] M-mode can be used to assess LV dyssynchrony by measuring the septal-to-posterior wall motion delay. Other modalities allow the assessment of LV and RV dyssynchrony. Pulsed-wave and color-coded tissue Doppler imaging can provide myocardial velocity tracings for determination of difference in timing of peak systolic velocities among different myocardial segments within the same or different ventricles for calculation of intra- and inter-ventricular dyssynchrony.

Myocardial strain imaging by tissue Doppler imaging or 2D/3D speckle tracking echocardiography can also be used to determine differences in timing of peak systolic strain among ventricular segments ([Fig. 6](#F6){ref-type="fig"}).[@B72][@B78] Real-time 3D echocardiography can also be used to derive a LV systolic dyssynchrony index based on the standard deviation of time taken to reach minimum regional volume for each of the LV segments ([Fig. 1](#F1){ref-type="fig"}).[@B79]

Applications in Congenital Heart Disease
========================================

Tetralogy of Fallot
-------------------

Assessment of RV volumes and ejection fraction is important for determining the timing of pulmonary valve replacement in patients with repaired TOF. The European Society of Cardiology,[@B2] American College of Cardiology/American Heart Association,[@B1] and Canadian Cardiovascular Society[@B80] guidelines recommend that pulmonary valve replacement should be considered even in asymptomatic patients with moderate-to-severe degree of RV dilation, evidence of progressive RV dilation, and RV systolic dysfunction.

Using tissue Doppler imaging, Weidemann et al.[@B81] found significant reduction of myocardial velocities, systolic strain, and systolic strain rate of RV free wall, LV lateral wall, and ventricular septum. They further found that abnormalities in RV deformation were more marked in patients with a transannular patch than those with an infundibular patch. Frigiola et al.[@B6] further reported that a lower RV IVA in children and adults with repaired TOF was associated with more severe pulmonary regurgitation and longer QRS duration, suggesting that reduced RV contractile function is related to the degree of pulmonary regurgitation and that RV IVA may be an early sensitive index for selecting patients for pulmonary valve replacement. Decreased RV systolic strain and strain rate have been associated with worse RV mechanical dyssynchrony and decreased exercise capacity.[@B82] Intra-RV and interventricular mechanical dyssynchrony has further been documented in these patients, which becomes worse during exercise.[@B83]

The clinical relevance of restrictive RV physiology in TOF patients has been alluded to earlier. Tissue Doppler imaging studies have also provided evidence of RV and LV diastolic dysfunction.[@B84] With the coexistence of systolic and diastolic RV dysfunction, the documented increase in RV MPI in repaired TOF patients is perhaps expected.[@B85][@B86][@B87] Importantly, RV MPI correlates negatively with RV ejection fraction and exercise capacity in these patients.[@B86]

Deformation imaging has shed light on the understanding of adverse systolic ventricular-ventricular interaction in patients after TOF repair. Reduced LV systolic longitudinal, radial, and circumferential strain and diastolic circumferential and radial strain rate has been reported.[@B70][@B84] Additionally, the magnitude of RV dilation has been correlated negatively with LV systolic circumferential strain and strain rate, and LV mechanical dyssynchrony.[@B70] The role of altered septal geometry secondary to RV volume overload in adverse RV-LV interaction in repaired TOF patients is increasingly recognized. Eccentricity of the left ventricle due to septal shift correlates negatively with LV peak systolic torsion, systolic twisting velocity, and diastolic untwisting velocity.[@B88][@B89] A recent 3D speckle tracking echocardiographic study showed that reduced septal curvature is related to impairment of LV 3D systolic strain, mechanical dyssynchrony, and reduced ventricular torsion in repaired TOF patients with and without pulmonary valve replacement.[@B90] The new 3D technique has enabled comprehensive on stop-shop evaluation of LV global performance by taking simultaneously into account the different aspects of deformation.[@B74][@B90]

Limited data exist on the impact of pulmonary valve replacement on ventricular performance. Acutely after transcatheter pulmonary valve implantation in a cohort of children including those with repaired TOF, improvement in RV free wall strain has been noted.[@B91] Transcatheter pulmonary valve replacement in patients with repaired TOF and other congenital heart diseases has also resulted in improvement of LV circumferential and longitudinal strain and longitudinal dyssynchrony.[@B92]

Recently, Diller et al.[@B93] described the potential prognostic value of deformation imaging in repaired TOF patients. In 413 adults patients studied at a mean of 36 years and followed up for a median of 2.9 years, mitral annular plane systolic excursion and LV global longitudinal 2D strain were related to the composite endpoint of sudden cardiac death or life-threatening ventricular arrhythmias independent of QRS duration.

Pulmonary atresia with intact ventricular septum
------------------------------------------------

The understanding of RV mechanics after biventricular repair of PAIVS is limited. A tissue Doppler echocardiographic study has shown regional systolic and diastolic longitudinal myocardial dysfunction involving both the right and left ventricles in adolescent patients after biventricular repair in infancy.[@B94] A subsequent study using 2D speckle tracking imaging confirmed the impairment of RV systolic and diastolic deformation.[@B15] LGE CMR showed evidence of RV myocardial fibrosis. About 80% of these patients have a restrictive RV physiology, which is related to more severe RV fibrosis and better exercise capacity in the long-term.[@B15]

Transposition of the great arteries post atrial repair
------------------------------------------------------

The consistently reported reduction of systemic RV ejection fraction in patients with TGA after atrial repair and the controversy regarding its interpretation has been discussed previously. Nonetheless, accumulating functional data based on deformation imaging suggest the possibility of impaired systemic RV mechanics, which may have prognostic implications in these patients.

Tissue Doppler imaging revealed significantly lower regional systolic strain and strain rate of RV free wall, septum, and LV lateral wall in patients after the Senning procedure.[@B95][@B96] Significant correlation was found between regional longitudinal RV systolic strain parameters and RV ejection fraction. Vogel et al.[@B97] validated the use of IVA in assessing systemic RV contractile function. Abnormal wall motion in these patients after atrial repair was associated with reduced IVA. Furthermore, reduced contractile reserve of the systemic right ventricle as assessed by changes in IVA with dobutamine infusion was associated with increased brain natriuretic peptide levels.[@B98] Indeed, plasma brain natriuretic peptide has been positively correlated with systemic RV MPI and negatively correlated with systemic RV free wall and septal annular myocardial velocities.[@B99]

Chow et al.[@B69] demonstrated the reproducibility and potential usefulness of 2D speckle tracking echocardiography in assessing systemic RV function. Global systemic RV longitudinal strain and strain rate has been correlated with CMR-derived systemic RV ejection fraction. These strain parameters were also found to correlate with systemic RV IVA and MPI. Altered systemic RV contraction and deformation pattern has further been unveiled by strain imaging. Using CMR, Pettersen et al.[@B100] found predominant circumferential over longitudinal free wall shortening in the systemic right ventricle as in the normal left ventricle, which is opposite from the findings in the normal subpulmonary right ventricle. However, unlike the normal LV, the systemic RV did not exhibit torsional deformation.

Cardiac resynchronization therapy improves systemic RV function in patients after atrial repair.[@B62][@B63] Strain imaging has helped define intra-systemic RV and inter-ventricular mechanical delay in these patients. Using tissue Doppler strain imaging, Chow et al.[@B101] reported a prevalence of 32% and 57% for intra-systemic RV dyssynchrony and inter-ventricular dyssynchrony, respectively. Importantly, the intra- and inter-ventricular mechanical delays negatively affect the systemic RV ejection fraction and exercise capacity. Although the exact cause is unknown, non-uniform alteration of RV myocardium due to ischaemia and fibrotic process might contribute to asynchronous myocardial deformation.[@B22][@B23][@B24][@B25]

Studies on ventricular-ventricular interaction in patients after atrial repair are limited. Unfavorable diastolic ventricular interaction was suggested by a 2D specking tracking study. In both the systemic right ventricle and subpulmonary left ventricle, early and late diastolic strain rates were significantly reduced. Subpulmonary LV eccentricity index, a reflection of septal shift ([Fig. 7](#F7){ref-type="fig"}), correlated negatively with LV early and late diastolic strain rates.[@B102] For systolic interaction, Diller et al.[@B103] reported correlations between systemic RV and subpulmonary LV 2D longitudinal strain and CMR-derived ejection fraction in patients after atrial repair and those with cc-TGA. Furthermore, they[@B103] and others[@B41] showed that systemic RV global longitudinal strain predicts adverse clinical outcomes in these patients in terms of symptomatic progression towards worse functional class, development of cardiac arrhythmias, and death.

Congenitally corrected transposition of the great arteries
----------------------------------------------------------

Similar to patients after atrial switch operation, patients with cc-TGA have reduced systemic RV peak systolic strain and strain rate.[@B104] A direct piece of evidence of ventricular-ventricular interaction in this setting can be appreciated in these patients and in those with TGA post atrial switch with failing systemic right ventricle undergoing pulmonary arterial banding.[@B19][@B20] The consequent increase in subpulmonary LV load may partially reverse the septal shift and improve systemic RV geometry with reduction in tricuspid regurgitation.

The placement of the pulmonary arterial band may, however, cause acute reduction in global subpulmonary LV strain and ejection fraction. Even after anatomic repair with LV retraining, the systemic left ventricle has been shown to demonstrate further reduction in the global LV strain,[@B105] implying the need for long-term evaluation of myocardial mechanics in these patients. Whether deformation assessment may be used to stratify patients with a systemic right ventricle eligible for anatomical repair remain to be clarified.

Complete heart block may complicate cc-TGA. Pacemaker therapy has been identified as an important risk factor for development of systemic RV dysfunction. Limited tissue Doppler imaging data suggest the possibility of pacing-induced systemic RV dyssynchrony being the culprit, which may be rectified by biventricular pacing.[@B21]

Transposition of the great arteries post arterial switch
--------------------------------------------------------

Although previous studies have reported on normal resting LV systolic function as assessed by M-mode echocardiography in patients with TGA after arterial switch operation,[@B106][@B107] Pettersen et al.[@B108] showed, using 2D speckle tracking echocardiography, reduction of LV global longitudinal strain and torsion. In children studied about 9 years after arterial switch operation, Hui et al.[@B109] demonstrated dobutamine stress induced abnormalities of LV segmental wall motion, whose location corresponded to regions of impaired myocardial perfusion. A recent study further showed impaired LV contractile reserve as evidenced by flattening of the change of LV IVA with increase in heart rate, which was worse in patients with variant coronary arterial anatomy and might have implications on their exercise capacity.[@B110] Additionally, reduction of diastolic mitral annular velocities suggestive of LV diastolic dysfunction was found in this study. Hence, continued monitoring of systemic LV function after arterial switch operation is warranted.

Functional single ventricle
---------------------------

Systolic and diastolic ventricular dysfunction in patients with a functional single ventricle post Fontan-type procedures has been documented.[@B32] In Fontan patients with tricuspid atresia, Ho et al.[@B111] demonstrated using 2D speckle tracking echocardiography reduction of global systemic LV longitudinal, circumferential, and radial strain. Furthermore, the findings of reduced systolic and diastolic strain rates reflect subclinical systolic and diastolic ventricular dysfunction, which can be attributed to chronic volume and pressure overload before the Fontan procedure, and reduced preload, acquired wall thickening, uncoordinated ventricular relaxation, and increase afterload after the operation. The speckle tracking algorithm as applied to CMR has revealed altered torsional mechanics in patients with functional single ventricles of LV or indeterminate morphologies after cavopulmonary connection.[@B112]

Potential differences in single RV and LV function have also been investigated at different stages of univentricular repair by deformation imaging. Kaneko et al.[@B113] showed that single right ventricle had the worst systolic performance in before cavopulmonary anastomosis, although parity with single LV function was regained after Fontan-type procedures. Indeed, Cheung et al.[@B114] have shown that while functional single ventricles exhibit reduced ventricular contractile reserve as assessed by tissue Doppler-derived myocardial force-frequency relationship, no differences in contractile function was found between functional single ventricles with RV and those with LV morphology. Adaption of RV deformation in hypoplastic left heart syndrome with reduction of RV longitudinal to circumferential strain ratio before cavopulmonary anastomosis is associated with better contractile dyssychrony.[@B115]

Limited data suggest dyssynchronous myocardial deformation of functional single ventricles. In children with hypoplastic left heart syndrome, Friedberg et al.[@B116] demonstrated mechanical dyssynchrony of the systemic right ventricle using velocity vector imaging based on the principle of 2D speckle tracking. Earlier CMR studies showed regional LV wall motion abnormalities in patients with tricuspid atresia after the Fontan procedure.[@B117][@B118] Based on 3D segmental volume assessment of the systemic left ventricle, Ho et al.[@B111] documented a 55% prevalence of mechanical dyssynchrony in Fontan patients with tricuspid atresia. This study also demonstrated a positive correlation between severity of mechanical dyssynchrony and calibrated integrated backscatter. This finding together with the reported association between LGE and regional wall motion abnormality and dyskinesia in Fontan patients[@B119] suggest that myocardial fibrosis may play a role in the origin of asynchronous myocardial deformation in function single ventricles.

Caveats
=======

Limitations of the various techniques have to be taken into account when translating these modalities into clinical use. The angle dependency of Doppler-based techniques, the varying load dependency of different parameters, and the relatively low temporal resolution of current 3D techniques are of particular relevance when assessing cardiac function in congenital heart disease. To facilitate the clinical applications of the novel techniques, establishment of normal references for different parameters in different age groups is necessary.[@B120][@B121][@B122] Discordance in deformation measurements among manufactures has to be resolved.[@B123][@B124][@B125]

Conclusions
===========

Functional assessment of cardiac function in congenital heart diseases, in particular RV function and function of a single ventricle, has been facilitated by the introduction of novel echocardiographic techniques that enable the quantification of ventricular volumes independent of ventricular geometry and direct evaluation of myocardial global and regional motion and deformation. These new techniques show great potential in the comprehensive functional evaluation of patients with congenital heart disease at risk of late ventricular dysfunction and cardiac failure. Furthermore, the functional impact of medical, device, and surgical interventions can be ascertained more objectively. The ability to directly interrogate myocardial function may allow early sensitive detection of subclinical myocardial dysfunction, better risk stratification, and timely institution of interventions. Large scale longitudinal studies are nonetheless required to substantiate the clinical values of these novel functional parameters in the management, risk stratification, and prognostication of different congenital heart diseases.
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![Real-time three-dimensional echocardiographic analysis of left ventricular (LV) and right ventricular (RV) volumes. The regional time-volume curves of the 16 LV segments enable the assessment of LV mechanical dyssynchrony.](kcj-44-59-g001){#F1}

![Pulsed-Doppler echocardiography demonstrating antegrade diastolic flow in the main pulmonary artery during atrial systole.](kcj-44-59-g002){#F2}

![Tissue Doppler imaging with the curser at the right ventricular free wall-tricuspid annular junction. a: late diastolic myocardial velocity, e: early diastolic myocardial velocity, IVA: isovolumic acceleration, s: systolic myocardial velocity, Δt: time difference, Δv: velocity change.](kcj-44-59-g003){#F3}

![Two-dimensional speckle tracking echocardiography demonstrating the assessment of global left ventricular (LV) and right ventricular (RV) longitudinal strain from the four-chamber view, and LV circumferential and radial strain from the mid-LV short axis.](kcj-44-59-g004){#F4}
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![Tissue Doppler strain imaging showing systemic right ventricular dyssynchrony in a patient after atrial switch operation for transposition of the great arteries as evidenced by differences of time to peak systolic strain right ventricular free wall and septal segments (A) compared to the similar timing in a healthy subject (B).](kcj-44-59-g006){#F6}

![Left panel: normal septal geometry in the healthy subject and distortion of septal geometry with compression of the subpulmonary left ventricle in a patient after atrial repair for complete transposition of the great arteries. Right panel: two-dimensional speckle tracking echocardiography enables deformation imaging of the subpulmonary left ventricle in patient as compared to the systemic left ventricle in a normal subject. TGA: transposition of the great arteries.](kcj-44-59-g007){#F7}
